[1] The 2004 M9 Sumatra-Andaman Earthquake (SAE) ruptured the interface separating the subducting IndoAustralian plate from the overriding Burma plate. We construct finite element models (FEMs) that simulate deformation of the earthquake for a three-dimensional problem domain partitioned to account for the distribution of material properties of the subducting slab, forearc, volcanic arc, and backarc. We demonstrate a protocol-based approach for simulating coseismic deformation, in which FEMs are implemented in inverse models to estimate the fault-slip distribution of the SAE while simultaneously honoring the geologic complexity of the subduction zone. Results suggest that deformation prediction sensitivities attributed to neglecting the different material properties of the subduction zone can be more than an order of magnitude greater than reported uncertainties for near-field GPS measurements. The FEM-based techniques presented here allow for geologically satisfying deformation models that will advance the reliability of modeling-based assessments of coseismic and postseismic deformation, stress-coupling, and tsunami genesis. Citation: Masterlark, T., and K. L. H.
Introduction
[2] The 2004 M9 Sumatra-Andaman Earthquake (SAE) ruptured a 1200-km-long and 200-km-wide portion of the boundary separating the subducting Indo-Australian Plate from the overriding Burma Plate (Figure 1 ) [Ammon et al., 2005; Stein and Okal, 2005] . The near-field deformation is characterized by 34 GPS sites that span the forearc and volcanic islands parallel to the Sunda trench (auxiliary material 1 ). The combined magnitude and spatial extent of the observed SAE deformation provides exceptional opportunities to quantitatively simulate earthquake deformation. A generally overlooked, but significant distortion of simulation predictions is tied to the validity of deformation modeling techniques.
[3] Models provide the linkage between the observed surface deformation and the source of the deformation -the fault-slip at depth. While forward models allow us to predict deformation caused by fault-slip, substantial effort has gone into the development of inverse models that strive to quantify fault-slip, based on observed deformation and a priori forward deformation models. In practice, relatively little attention is given to the implications of the a priori forward models and sensitivity analyses of deformation model assumptions are rare [Masterlark, 2003] . A suitable deformation model, which includes a self-consistent faultslip distribution, is the key to any analysis of coseismic deformation, tsunami-genesis, postseismic deformation, or stress-coupling [Freed et al., 2006; Masterlark, 2003; Sobolev et al., 2007] . The reliability of SAE deformation interpretations is contingent on three fundamental elements: the quantity and quality of the deformation data, the suitability of the inverse scheme, and the validity of the deformation model, the latter of which is the focus of this study.
[4] The cold, downgoing slab is the essence of a subduction zone and its relative stiffness significantly impacts deformation predictions for megathrust earthquakes [Masterlark, 2003] . Deformation models for dislocations in homogeneous elastic half-spaces (HEHS) [e.g., Okada, 1992] are overwhelmingly implemented to describe, assess, and interpret observed deformation of the SAE [Han et al., 2006; Nalbant et al., 2005; Vigny et al., 2005] . Alternatively, models that simulate horizontally layered elastic half-spaces (LEHS) are implemented to simulate an assumed layered structure of the Earth [Chlieh et al., 2007; Subarya et al., 2006] . Both of these models ignore the known presence, geometric complexity, and significance of the relatively stiff subducting slab.
[5] FEMs permit us to simulate variable slip along fault surfaces embedded in a problem domain that accounts for the juxtaposition of the stiff, dipping subducting slab and relatively compliant overriding plate, as well as the material property variations of the forearc, volcanic arc, and backarc regions. Furthermore, FEMs are readily implemented in linear inverse analyses of observed deformation due to the fault-slip of an earthquake [Masterlark, 2003; Schmitt et al., 2007] . In spite of these known capabilities, FEMs are rarely invoked for inverse analyses of static earthquake deformation. We provide methods to replace standard HEHS and LEHS models that are computationally efficient, but poorly represent the geologic complexity of the subduction zone, with computationally intensive FEMs that can readily provide geologically satisfying configurations for the SAE. The inability to reliably predict recent events triggered by the SAE fault-slip reflects the need to pursue better deformation models. The integration of geology into deformation modeling methods is a critical and necessary advancement toward more reliable predictions and early warning systems for earthquake stress-coupling [Masterlark, 2003] and tsunamigenesis [McCloskey et al., 2008] .
[6] The remainder of this paper is organized into three sections. First, the main body introduces the FEM-based deformation modeling protocol and describes its implementation for the SAE. We present a fault-slip distribution for the SAE that is calibrated to GPS data for a deformation model that honors the know structure of the subduction zone. We then present a discussion of the results and implications of the protocol-based modeling and how the predictions differ from those of standard deformation models. This discussion includes several possibilities for improving the model through reassessment, a concept that is central to protocol-based modeling. Finally, we present conclusions and recommendations.
Deformation Modeling Protocol
[7] Inspired by the formal protocol that standardizes groundwater modeling analyses [Anderson and Woessner, 1992] , we introduce a deformation modeling protocol to guide and test the model design and ensure the deformation model adequately represents the natural system ( Figure 2a ). FEM-based techniques are embedded in the modeling protocol and allow us to estimate the fault-slip distribution and predict near-field deformation, while simultaneously honoring the known geologic complexity associated with the SAE. This protocol calls for reassessment at any stage, in which the model either fails to adequately represent the known problem domain constraints or effectively predict observations. This call for reassessment and ability to implement improvements in deformation model configurations via FEMs is a significant departure from standard HEHS-based analyses, for which the fault geometry and slip are the only permissible variations.
[8] The design of the conceptual model is the foundation of the deformation modeling protocol and therefore a fundamental consideration for predicting earthquake deformation. Implications of the conceptual model propagate throughout the modeling analysis and shape predictions and interpretations. Our conceptual model of the SAE relates near-field coseismic deformation to the fault-slip distribution as the mechanical response of a three-dimensional elastic/ poroelastic problem domain to an embedded dislocation. The deformation is static and undrained, that is, the deformation that remains after dynamic wave propagation, but prior to postseismic fluid flow in the brittle crust and viscoelastic flow of the mantle. A representative cross-section of the subduction zone is constructed as an 800-km-long trenchnormal slice through the Sumatra region (Figure 2b ). Seismicity data [Engdahl et al., 2007] constrain the geometry of the subducting slab. The fault-slip of the SAE occurs along the interface separating the subducting slab, consisting of lithospheric mantle capped by mid-oceanic ridge basalt, and the overriding forearc and upper mantle wedge [Kieckhefer et al., 1980; Kopp and Kukowski, 2003; Kopp et al., 2002] . Geologic maps and cross-sections of Sumatra [Barber et al., 2005; Kopp and Kukowski, 2003; Kopp et al., 2002] guide the configuration of the volcanic arc and backarc basin of the overriding plate. This two-dimensional cross section is swept through the curving strike of the Sunda trench from northern Sumatra through the Andaman Islands to produce a threedimensional model (Figure 2c) . A limitation of this configuration is the constant cross-section along the trench, which does not account for along-strike variations associated with the transition of island arc volcanism in Sumatra to the backarc spreading in the Andaman Basin (Figure 1) [Curray, 2005] . This additional complexity will be addressed in future modifications to the model configuration.
[9] All FEMs in this study are constructed with Abaqus (http://www.simulia.com) and solve the elastic and poroelastic governing equations [Wang, 2000] over the three-dimensional problem domain. The free surface at the top of the problem domain represents the Earth's surface. The top of the simulated oceanic crust represents a flat seafloor having a reference elevation of zero. The free-surface along the toe of the thrust includes a transition from the seafloor to the top surface of the overriding continental plate, which has a simulated reference elevation of 4 km. More detailed relief significantly affects neither deformation predictions nor fault-slip estimations [Masterlark, 2003] . The lateral boundaries and base of Figure 1 . Seismotectonic setting. The Havard CMT focal mechanism overlies the epicenter of the SAE. Aftershock epicenters (red dots) illuminate the surface projection of the rupture (http://neic.usgs.gov), which initiated on the southeast portion of the fault and propagated 1200 km northward. Yellow triangles are near-field GPS sites, summarized in Table S1 . The tectonic configuration is modified from Bird [2003] and overlies a shaded relief image of global relief data (http://www.ngdc.noaa.gov). the problem domain have zero displacement. We simulate fault-slip by imposing kinematic constraint equations [Masterlark, 2003] for 165 fault-patches along the curving rupture interface (auxiliary material). The converging plates are welded together along the non-slipping portions of the plate boundary. The initial conditions are equilibrium, therefore deformation, stress, and pore pressure predictions are incremental changes with respect to the state of the system prior to the fault-slip. Material properties are taken from compilations of elastic [Turcotte and Schubert, 1982] and poroelastic [Wang, 2000] rock properties. The FEM validation for using kinematic constraint equations to simulate elastic dislocations is described in the auxiliary material.
[10] For a system of multiple displacement observations and a distribution of fault-slip patches along the rupture, the net displacement for a given GPS site is the superposition of contributions from each fault-patch. Green's functions for displacement are calculated by predicting displacement caused by unit slip over a given fault-patch while simultaneously welding the remaining fault-patches. We implement an algorithm that systematically generates the unit slip and welding configuration over the rupture, executes the model, and extracts the Green's functions for both thrust and strikeslip components for each fault-patch. We invert the resulting system of linear equations to estimate the distribution of fault-slip (auxiliary material). Results suggest that more than 20 meters of fault-slip occurred along the southern two-thirds of the rupture (Figure 3a ). This band of slip is generally deeper along the southern end of the rupture and becomes shallower to the north. The thrust component dominates along the entire rupture. The right-lateral strikeslip component is minimal along the southern end and increases northward. This calibrated FEM, loaded by this fault-slip distribution, adequately predicts the observed GPS deformation (Figure 3 ).
Discussion
[11] We modify the FEM to simulate an HEHS to test the sensitivity of deformation predictions to the distribution of material properties. Green's functions are calculated and assembled for this HEHS and a fault-slip distribution is estimated with the same inverse scheme. The general magnitude of the estimated fault-slip distribution for the HEHS is somewhat reduced compared to that of the heterogeneous FEM (Figure 3b ). The differences are most pronounced west of Northern Sumatra and GPS displacement sensitivities to the distribution of material properties are significantly greater than GPS measurement uncertain- Figure 3c ). In spite the differing estimated fault-slip distributions, both the FEM and HEHS models predict the GPS deformation equally well, as shown by the residual in Figure 3c and discussed in the auxiliary material. Although both models can predict the observed coseismic deformation data, forward model predictions for tsunami genesis and stress-coupling processes that are driven by the differing estimated fault-slip distribution may vary significantly, due to the magnitude and spatial extent of the fault-slip differences [Masterlark, 2003; McCloskey et al., 2008; Sobolev et al., 2007] . Thus, the validity of a given SAE deformation model configuration will influence the associated interpretations of forward model predictions.
[12] The verification step is an assessment of the model's predictive reliability. In this step, we test if the model successfully predicts data that are independent of the calibration process. Coral measurements and optical remote sensing observations characterize the vertical deformation pattern of the SAE along a sinuous, trench-parallel trajectory [Meltzner et al., 2006] . Vertical deformation predictions from the calibrated FEM generally agree with these data (Figure 3d ). The minor departure of our predicted axis of zero vertical deformation separating the near-field uplift and subsidence near the Andaman Islands may be a result of the constant trench-normal cross-section configuration of the FEM. Future work will investigate alternative model configurations that account for the along-strike variations in geometry and material properties.
[13] The predicted vertical deformation substantially underestimates the seafloor uplift near the trench that is required for models of tsunami genesis [Geist et al., 2007; Ioualalen et al., 2007] . One way to resolve this problem is to increase the seafloor uplift by imposing a penalty function that favors shallow fault-slip in the inverse analysis [Menke, 1989] . However, there is no obvious physical basis for this ad-hoc constraint that would be at odds with seismologic data [Ammon et al., 2005] . Alternatively, we can approach this discrepancy by revising the conceptual model to include splay faults in the toe of the thrust [Kopp and Kukowski, 2003] or a partitioning of the forearc into a more refined distribution of stiff and compliant regions, such that the fit to the GPS data is optimized while simultaneously increasing the near-trench uplift. Both of these configurations are supported by geologic and geophysical data [Fisher et al., 2007; Kieckhefer et al., 1980; Kopp et al., 2002] . This reassessment of the conceptual model design is another avenue toward future improvements of the model configuration.
[14] The real power of FEM-based analyses lies in their ability to predict not only the coseismic deformation of the earthquake, but to simulate multiple postseismic deformation processes that are driven by fault-slip. We entered the protocol with the purpose of simulating the coseismic deformation of the SAE. Consequently, the FEM is calibrated and verified for the static coseismic deformation of the SAE and was not designed to simulate the ongoing postseismic deformation that is observed with GPS data [Chlieh et al., 2007] . Because of this additional information, the protocol requires a reassessment of our fundamental purpose, which will address postseismic processes that are driven by the coseismic fault-slip. This reassessment is within the domain of the protocol and FEM capabilities and yet another direction for future improvements of SAE deformation models. The FEM-based protocol treats deformation modeling as a dynamic process that is continuously subject to iterative improvements in an effort to better simulate the natural deformational system and ultimately provide reliable deformation predictions.
Conclusions
[15] We demonstrate an approach, in which geologically satisfying FEMs are implemented in both forward and inverse models of coseismic deformation for the SAE. The FEM-based techniques, embedded in the modeling protocol, provide powerful tools to explore various aspects of coseismic fault-slip, while simultaneously honoring the rich geologic complexity associated with a subduction zone. The call for reassessment and the ability to explicitly modify deformation model configurations accordingly, is a fundamental advancement in assessments of earthquake deformation. Estimations of the fault-slip distribution and near-field deformation for the SAE, based on HEHS and LEHS model predictions, are significantly distorted, a result that propagates into interpretations of SAE deformation. The methods presented here can rectify these distortions and lead to more accurate interpretations and inferences in future modeling-based assessments of coseismic deformation, postseismic deformation, stress-coupling, and tsunami genesis.
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